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eukocytes represent a heterogeneous population of immune cells that play a central role in mounting defenses against viral or bacterial infection. 1À3 Leukocytes orchestrate immune responses by releasing cytokines-small proteins capable of inducing a variety of cellular responses including proliferation and chemotaxis. 4, 5 Given the heterogeneity of leukocytes and different roles played by different cell types in the immune response, it is desirable to analyze cytokine production in specific leukocyte subsets. IFN-γ is an important inflammatory cytokine used to evaluate cellular immune response to pathogens and infectious diseases. For example, production of interferon gamma (IFN-γ) by T cells correlates with the body's ability to mount a vigorous immune response 6 and is used to identify antigen-specific T cells in diseases such as human immunodeficiency virus (HIV) or tuberculosis. 7, 8 It should be noted that cytokines such as IFN-γ may be produced by multiple leukocyte subsets (e.g., neutrophils, CD4 T cells, and CD8 T cells). Therefore, measurements of cytokine concentration in blood are insufficient to identify cytokine-secreting leukocyte subsets.
At the present time, two methods are used for detecting cytokine production in specific leukocyte subsets: (1) flow cytometry coupled with intracellular cytokine staining and (2) enzymelinked immunospot (ELISpot) assay. 5 ,9À11 Both approaches are robust, functional, and well established in immunology laboratories. However, these approaches have shortcomings. Flow cytometry can detect intracellular cytokines but requires fixation of cells prior to analysis. This limits the suitability of flow cytometry for monitoring cytokine secretion in live cells. ELISpot may be used for detecting extracellular cytokines from live cells; however, this technology only detects the frequency of cytokine-producing cells in a given sample and does not connect cytokine release to specific cells. Both approaches are labor intensive and time consuming and do not provide information about the dynamics of cytokine release. We aim to resolve these limitations by developing a biosensor based around the spatially directed capture of cells and the monitoring of cytokine release using electrochemically functionalized aptamers.
Micropatterning and microfabrication can be used to organize cells into large arrays for high-throughput screening, to place cells near sensing elements, and to confine cells in small volumes for sensitive detection. 12, 13 Several groups have been developing micropatterned surfaces for immune cell analysis. 14À21 Our laboratory has reported on the development of antibody (Ab) microarrays and Ab micropatterns for capturing leukocytes and detecting cell-secreted cytokines. 22À24 However, Ab-based immunoassays involve multiple staining/washing steps and offer limited information about dynamics of cytokine release from cells. It may be possible to detect cell-secreted proteins in real time, for example, B dx.doi.org/10.1021/ac202117g |Anal. Chem. XXXX, XXX, 000-000
Analytical Chemistry ARTICLE using Ab-functionalized SPR devices. 25, 26 However, the need to couple a cell capture device to an SPR instrument increases the complexity of the measurement and limits the possibility of monitoring molecules secreted by small groups of cells or single cells.
Aptamers offer a number of advantages over antibodies including improved chemical/thermal stability and reusability. Owing to their simple molecular structure, aptamers may be converted into fluorescent 27À29 or electrochemical 30À32 beacons that transduce analyte binding events directly, without the need for additional reagents or labeling steps. While there are reports of aptamer-based biosensors employed for clinical sample analysis in the literature 33À36 and our laboratory has recently described an aptamer-based electrochemical biosensor for detection of exogenous IFN-γ, 37 we are not aware of studies describing aptasensors deployed in the immediate vicinity of cells for direct monitoring of cell-secreted proteins such as cytokines.
In the present paper we describe a microdevice employing arrays of miniature aptasensor-functionalized electrodes for detection of IFN-γ release from leukocytes. The sensing mechanism is based on a change in hairpin conformation due to binding of cell-secreted cytokine molecules. This microdevice, pictured in Figure 1 , consists of aptamer-modified electrode arrays integrated with microfluidics. Sensing electrodes are packaged in poly-(ethylene glycol) (PEG) so as to define cell attachment sites in the proximity of each electrode. These attachment sites were modified with anti-CD4 Ab to promote CD4 T cells binding. Upon infusing RBC lysed blood into fluidic channels, leukocytes are captured next to sensing electrodes and stimulated to produce cytokines. IFN-γ released by cells is then detected at the neighboring sensing electrodes using square wave voltammetry (SWV) (see Figure 1A) . Importantly, cytokine release by CD4 T cells can be monitored continuously and allows one to determine the rate of IFN-γ production. To the best of our knowledge, this is the first report describing aptasensor electrodes for monitoring local protein release from live cells in real time.
' MATERIALS AND METHODS
Materials. Phosphate-buffered saline (PBS), 10Â, without calcium and magnesium, paraformaldehyde (PFA), Na 4 EDTA, KHCO 3 , NH 4 Cl, anhydrous toluene (99.9%), potassium ferricyanide, 11-mercaptoundecanoic acid (MUA), 200-proof ethanol, tris(hydroxymethyl) aminomethane buffer (Tris buffer), poly(ethylene glycol) diacrylate (PEG-DA, MW 575), and 2-hydroxy-2-methyl-propiophenone (photoinitiator) were purchased from Sigma-Aldrich. Chromium etchant (CR-4S) and gold etchant (Au-5) were purchased from Cyantek Corp. (Fremont, CA). Positive photoresist (AZ 5214-E IR) and developer solution (AZ300 MIF) were bought from Mays Chemical (Indianapolis, IN). 3-Acryloxypropyl trichlorosilane, was purchased from Gelest, Inc. (Morrisville, PA). Silane adhesion promoter, 3-acryloxypropyl trichlorosilane, was purchased from Gelest, Inc. (Morrisville, PA). Monoclonal purified mouse antihuman CD4 Abs (13B8.2) were obtained from Beckman-Coulter (Fullerton, CA). Antihuman CD3-FITC (UCHT1) and anti-CD4-PE (L120) were used for immunostaining of surface-bound cells and purchased from BD Pharmingen. Human recombinant IFN-γ was from R&D Systems (Minneapolis, MN). T cells activation reagents, phorbol 12-myristate 13-acetate (PMA) and ionomycin, were purchased from Sigma-Aldrich (St. Louis, MO). Cell culture medium RPMI 1640 with L-glutamine was purchased from VWR. Medium was supplemented with fetal bovine serum (FBS), and penicillin/streptomycin purchased from Invitrogen. Glass slides (25 mm Â 75 mm Â 1 mm) were obtained from VWR (West Chester, PA). 4-(2-Hydroxyethyl)-1-piperazineethanesulfonic acid (HEPES), sodium bicarbonate (NaHCO 3 ) (all reagent grade), 6-mercapto-1-hexanol (MCH), and tris(2-carboxyethyl)phosphine hydrochloride (TCEP) were purchased from Sigma-Aldrich (St. Louis, MO); methylene blue (MB), carboxylic acid, and succinimidyl ester were received from MB-NHS, Biosearch Technologies, Inc. (Novato, CA). All chemicals were used without further purification. The 34-mer IFN-γ-binding aptamer sequence (IDT Technologies, San Diego, CA) was as follows: 5 0 -NH 2 -C 6 -GGGGTTGGT-TGTGTTGGGTGTTGTGTCCAACCCCC3-SH-3 0 . The aptamer was modified at the 3 0 -terminus with a C6-disulfide [HO(CH 2 ) 6 ÀSÀSÀ(CH 2 ) 6 À] linker and at the 5 0 -end with an amine group for redox probe (MB) conjugation. The aptamer was dissolved in 1Â PBS buffer (pH 7.4).
Fabrication of Electrode Arrays. The layout of an electrode array was designed in AutoCAD and converted into plastic transparencies by CAD Art Services (Portland, OR). To fabricate electrode arrays, glass slides (75 mm Â 25 mm) were sputter coated with a 15 nm Cr adhesion layer and 100 nm Au layer (Lance Goddard Associates, Santa Clara, CA). The electrodes were fabricated using standard photolithography and metaletching processes. 38 The photoresist layer was not removed immediately after metal etching but was employed to protect underlying Au regions during the silane modification protocol described below. The etching of Au/Cr layers created a pattern of eight 300 μm diameter electrodes individually connected to a 2 mm Â 2 mm contact pad via leads that were 15 μm wide. Wires were soldered to contact pads to connect electrode arrays to a home-built multiplexing setup capable of automated data collection from electrode arrays during the electrochemistry experiments.
Formation of PEG Hydrogel around Electrodes. The glass substrates with photoresist-covered Au electrodes were modified with an acrylated silane coupling agent using a previously reported protocol. 39 Silanization was necessary to ensure covalent anchoring of hydrogel structures onto glass substrates. After silane modification, substrates were sonicated in acetone for 2 min to remove photoresist and then placed in an oven for 3 h at 100°C to fully cross-link the silane layer. Integration of Au microelectrodes with nonfouling PEG hydrogel micropatterns was performed as follows. Prepolymer solution containing PEGdiacrylate (PEG-DA) (MW 575) and 2% (v/v) photoinitiator was spin coated at 800 rpm for 4 s onto glass slides containing Au electrode patterns. A photomask was placed on top of the liquid layer of PEG-DA precursor solution and aligned to fiduciary marks using an upright microscope or a mask aligner. Then the sample was exposed through a chrome/soda lime photomask to UV radiation for 1 s at 60 mJ/cm 2 using an OmniCure series 1000 light source using a Cannon PLA-501F mask aligner. The regions of PEG-DA exposed to UV light underwent radical polymerization and became cross-linked, while unexposed regions were dissolved in DI water after 5 min of development.
Ab Immobilization for T Cells Attachment. In order to ensure excellent sensitivity of the electrochemical aptasensors, the electrode regions must be protected from nonspecific deposition of Ab molecules during this process. For this purpose, we employ a protective sacrificial layer of alkanethiols. Micropatterned surfaces were modified with anti-CD-4 Ab. Au electrodes were modified with an alkanethiol layer by incubation with 1 mM MUA for 2 h to protect the electrode surface during Ab modification. Subsequently, micropatterned surfaces were incubated with anti-CD4 Ab (0.1 mg/mL in 1Â PBS). As a result, Ab molecules deposited on both Au electrodes and neighboring silanized glass regions; however, the electrodes were regenerated or "cleaned" by reductive desorption of the MUA/Ab layer. This reductive desorption protocol has been described by us in detail previously. 38 Briefly, substrates were placed into a custom-made Plexiglas electrochemical cell using a three-electrode system. A potentiostat (CH Instruments 842B, Austin, TX) was used to apply a reductive potential (À1.2 V vs Ag/AgCl) for 60 s to individually addressable Au regions. In this approach, electrode arrays are incubated with an alkanethiol (MUA). This layer serves as a protective layer during the Ab deposition process. Incubation of the micropatterned surfaces in solution of anti-CD4 results in physical adsorption of Ab onto glass and electrode regions alike; however, electrodes are "cleaned" by applying reductive voltage and removing both the protective alkanethiol layer and the nonspecifically deposited Ab selectively from the electrode surfaces. Ferricyanide cyclic voltammetry (CV) was used to characterize electrode protection and deprotection steps. Cyclic voltammetry (CV) at a scan rate of 100 mV/s with ferricyanide serving as a redox reporter was used to characterize the electrode surface properties before and after disruption of the alkanethiolÀAb layer. These results (shown in Figure S1 , Supporting Information) demonstrate that passivation with a sacrificial layer effectively protects the electrode surfaces during Ab immobilization, ensuring that electrodes are available for subsequent aptamer assembly. After this step, Au electrode arrays were ready for aptamer modification. Upon deprotection, the electrodes are incubated with a dual-functionalized hairpin aptamer containing MB moiety at one end and a thiol group at the other. The thiol group allows for coupling to the electrode surface via sulfurÀgold bond formation, while methylene blue serves as a redox reporter. It is important to note that the surrounding hydrogel regions are unaffected by these processes and remain nonfouling after Ab and aptamer functionalization. Results demonstrating selective protein deposition on micropatterned sensing surfaces are presented in Figure S2 , Supporting Information.
Aptamer Immobilization on Electrode Arrays. The MBtagged thiolated aptamer was prepared using a procedure similar to that described previously. 37, 40 Briefly, NHS-labeled MB was conjugated to the 3 0 -end of an amino-modified DNA aptamer through succinimide ester coupling. The conjugation efficiency was estimated by MALDI-MS analysis to be 30%. Aptamer molecules were immobilized on electrode arrays. Prior to modification of the electrodes, aptamer stock solution (0.02 mM) was reduced in 10 mM TCEP for 1 h to cleave disulfide bonds. This solution was then diluted in PBS buffer to achieve the desired aptamer concentration (0.5 μM, the optimal concentration for IFN-γ binding 37 ). For aptamer immobilization, the Au electrodes were kept in an aqueous solution for 2 h in the dark. Following incubation, the electrodes were rinsed with copious amounts of DI water and then immersed in an aqueous solution of 3 mM 6-mercapto-1-hexanol solution (MCH) for 1 h to displace nonspecifically adsorbed aptamer molecules and to passivate the electrode surface.
Integration of Aptasensors with Microfluidics and Capture of Leukocytes. Microfluidic channels were fabricated out of poly(dimethyl siloxane) (PDMS) using standard soft lithography approaches. 41 These channels were secured on top of aptamer-modified electrodes using vacuum suction as described previously. 22, 23, 42 The microfluidic device contained two flow chambers with width Â length Â height dimensions of 3 Â 10 Â 0.1 mm and a network of independently addressed auxiliary channels used to provide vacuum. Figure 1B shows a typical microfluidic device integrated with an array of sensing electrodes.
IFN-γ detection experiments were performed using red blood cell (RBC) depleted whole blood. Blood was collected from healthy adult donors through venipuncture under sterile conditions with informed consent and approval of the Institutional Review Board of the University of California at Davis (protocol number 200311635-6). RBCs were removed using ammonia chloride based erythrocyte lysis solution (89.9 g of NH 4 Cl, 10.0 g of KHCO 3 , and 370.0 mg of tetrasodium EDTA in 10 L of deionized water) as described previously. 22 Leukocyte suspension was introduced into the flow chamber at a flow rate of 20 μL/min corresponding to a shear stress of ∼0.8 dyn/cm 2 . Shear stress was calculated from the flow rate assuming an infinitely wide parallel-plate flow chamber. 43 The flow was stopped for 15 min to achieve T Cells capture after the chamber was filled up with leukocyte suspension. In order to wash away nonspecifically bound cells, the flow rate was raised to 100 μL/min. Removal of the nonspecifically bound cells was typically complete after ∼15 min.
Electrochemical Detection of IFN-γ. Electrochemical measurements were carried out using a CHI 842B potentiostat (CH Instruments, Austin, TX) operating inside a homemade Faraday cage. The electrochemical cell consisted of a flow-through Ag/ AgCl (3 M KCl) reference electrode inserted at the outlet, a Pt wire counter electrode placed in the inlet of the microfluidic device, and Au working electrodes positioned inside the fluidic channels. Measurements were performed using SWV with a 40 mV amplitude signal at a frequency of À60 Hz over the range from À0.10 to À0.50 V. A homemade switching system was used to sample individual electrodes at predefined time intervals.
Calibration of the aptasensor was performed by infusing into a microchip known concentrations of IFN-γ (1À500 ng/mL) dissolved in RPMI1640 media buffer supplemented with 10% FBS. During detection of recombinant IFN-γ, a microchip was placed onto custom-made heating stage to maintain a temperature of 37°C and to mimic conditions used in cell detection experiments (described below).
To analyze IFN-γ release from cells, microfluidic devices were incubated with RBC-depleted blood as described above. After T cells were captured, microfluidic devices were flushed with 1 Â PBS and filled with mitogenic agents to commence cell activation and cytokine production. The mitogenic solution consisted of PMA and ionomycin dissolved to concentrations of 50 ng mL À1 and 2 mM, respectively, in phenol red-free RPMI1640 media supplemented with 10% FBS. A surgical clamp was secured around the inlet/outlet tubing to eliminate convective mixing. The microdevice was then placed on top of a heating stage (37°C), and aptasensor electrodes were connected to a potentiostat via a multiplexer. As shown in Figure 1B , microchips contained 8 individually addressable electrodes, 4 electrodes per fluidic channel. One channel was used to measure IFN-γ release from mitogenically stimulated cells, whereas the other channel/ set of electrodes was used to monitor cytokine production in unactivated leukocytes. In these experiments, SWV measurements were made every 15 min for up to 4 h.
Determination of IFN-γ Production Rates. Per cell IFN-γ production rates were calculated using COMSOL Multiphysics (COMSOL, Inc., Burlington, MA). A three-dimensional model was constructed based on a 3 Â 10 Â 0.1 mm microfluidic chamber. The average profile of measured IFN-γ concentrations at each electrode were then fit against the predicted values from the numerical simulation. Data from the first 60 min of production was fit, and a scaled least-squares regression was used to determine the best-fit production rate to 0.0001 pg/cell/h precision. Complete details are available in the Supporting Information.
' RESULTS AND DISCUSSION
This paper details development of atpasensor arrays for detection of IFN-γ release from human T cells. The arrays of aptamer-modified electrodes were packaged in a nonfouling hydrogel and integrated with microfluidics to enable capture of CD4 T cells from a complex sample and continuous monitoring of IFN-γ release from these cells.
Surface Fabrication. The physical layout of the aptasensors is designed to aid in capturing the desired leukocyte subset in the immediate proximity of the aptamer-modified electrodes in order to enable detection of local concentration and maximize sensitivity ( Figure 1A ). Typical surface fabrication begins by microfabrication of Au electrodes onto glass slides. These slides are then modified with (3-acryloxypropyl)trichlorosilane in order to promote attachment of PEG hydrogel microstructures to glass regions. These acryloxy-functionalized regions serve a dual purpose: they promote hydrogel adhesion and support physisorption of proteins. 14 We take advantage of this surface functionality to precisely control cell attachment in proximity to our electrochemical sensors by patterning PEG hydrogel in an area around each electrode, leaving a small, well-defined ring-shaped area for adsorption of cell-capture antibodies. PEG hydrogel patterns are generated in this geometry by selective polymerization of a prepolymer solution exposed to UV light through a photomask aligned with the electrode geometry. Resultant micropatterned surfaces consisted of (1) circular Au electrodes (300 μm diameter), (2) ring-shaped glass regions adjacent to Au, and (3) nonfouling PEG hydrogel surrounding the Au/glass domains. A typical sensing unit comprised of a circular electrode (appearing black due to transmitted light microscopy), ring attachment area, and the surrounding PEG gel is shown in Figure 2A .
Spatially-Directed Cell Capture. After fabrication, electrode arrays are modified to deposit aptamer hairpin molecules to the electrode surfaces and the glass regions are modified with Abs for cell capture. In order to maximize sensitivity, we employ the above-described sensing surfaces to capture T cells in proximity to the functionalized electrodes. Selective adsorption of anti-CD4 Abs on glass attachment sites is shown in Figure S2 , Supporting Information. The results from typical cell capture experiments are shown in Figure 2B and 2C. Upright microscopy imaging of the micropatterned surfaces show cells captured in the ring-shaped regions but not on PEG hydrogel regions or Au electrodes ( Figure 2B ). This underscores our ability to isolate cells in specific locations adjacent to sensing electrodes. Importantly, immunofluorescent staining reveals that captured cells are positive for CD3 and CD4 surface markers which defines the cells as CD4 + T cells ( Figure 2C and Figure S3 , Supporting Information). Fluorescence images were used to determine the phenotype and purity of cells residing in the microwells. Immunofluorescent labeling with anti-CD3-FITC and anti-CD4-PE was used to identify CD3+ and CD4+ T cells. DAPI staining was used to determine the nuclear morphology of cells and evaluate nonspecific binding in the microwells. In order to determine the purity of captured cells, we enumerated the total number of CD3 + and CD4+ stained T cells and divided it by the total number of cells in the field of view. The purity of captured CD4 T cells was typically >90%.
Characterization of Aptasensor for IFN-γ Detection. We previously reported the development of an electrochemical aptasensor for IFN-γ detection. 37 This biosensor was based on aptamer hairpin with a MB redox label attached at the 5 0 -end and a thiol group at the 3 0 -end. Hairpin molecules were chemisorbed onto Au electrodes and exhibited a concentration-dependent change in electrical properties in the presence of IFN-γ, providing a signal used to detect IFN-γ. The change in electrical properties is attributed to unfolding of the hairpin and displacement of the redox moiety further from the electrode (see Figure 1A for schematic). SWV curves demonstrating the responses of aptasensors in the presence of varying concentrations of IFN-γ are shown in Figure 3A . Signal decreases as a function of increasing analyte concentration. This decrease in signal is often reported as "signal suppression": the ratio of SWV peak current loss at a given IFN-γ concentration to SWV peak current in the absence of analyte.
It is important to ensure that aptasensors remain functional after Ab immobilization and cell-capture steps. Therefore, experiments were undertaken to determine whether modification steps culminating with cell capture affected aptasensor performance. Aptasensor responses to exogenous IFN-γ were compared with and without cells present in the system ( Figure 3B ). Though a slight reduction in signal is observed, cell capture does not significantly impact aptasensor function or responsiveness. In the case when cells were seeded on the surface and when cells were absent, sensing electrodes for both scenarios exhibit similar detection limits near 60 pM and show linear responses over the expected range (from 60 pM to 9 nM). The limit of detection was derived using three times the standard deviation of the signal from at least three consecutive SWV scans in the absence of exogenous IFN-γ. In addition to sensitivity, it is also necessary that a sensor responds exclusively to the targeted molecule of interest. This is particularly important in IFN-γ detection since activated leukocytes are expected to secrete a number of additional cytokines (e.g., TNF-α and IL-2). The specificity of IFN-γ aptasensor was confirmed by challenging aptasensors to a high concentration of nonspecific cytokines (e.g., IL-2, TNF-α) known to be secreted by activated T cells on the time scale of hours 24 (see Figure S4 , Supporting Information).
Continuous Monitoring of IFN-γ Release from CD4 T Cells.
To show the utility of our aptasensor we demonstrate the realtime detection of local IFN-γ release from small groups of CD4 T cells. In a typical experiment, T cells were captured next to aptasensing electrodes and then mitogenically activated to commence cytokine production. Cells were captured but not activated in an independent microfluidic chamber on the same chip, providing a negative control. In order to verify measurement of local concentration, electrodes with an array were embedded in a PEG gel layer so as to define ring-shaped cell attachment sites of varying dimensions (50, 100, 150, or 200 μm). In an experiment described in Figure 4 these increasingly result in the capture of 90, 360, 650, and 900 cells adjacent to individual electrodes. Figure 4A and 4B shows micropatterned surfaces with 650 and 90 captured cells. Upon activation, IFN-γ release was simultaneously monitored at each member of the electrode array by performing SWV measurements every 15 min for up to 4 h. Results from a typical experiment are shown in Figure 4C . For the sake of simplicity, data for only one group of unactivated T cells are shown.
Electrochemical detection results in Figure 4C reveal that responses of electrodes within the same array vary as a function of cell number, with higher IFN-γ signals correlating to larger cell populations. The IFN-γ signal can be monitored over time, with detectable signal appearing as early as 15 min poststimulation from as few as 90 cells. Modeling diffusion using numerical approaches (COMSOL) reveals that cytokine gradients extend to ∼1.5 mm from the cells, underscoring the importance of measuring local concentrations. Importantly, based on the experimental design, the total amount of released IFN-γ is highly dependent on the number of immobilized cells near the electrodes. This number (the number of immobilized cells) for each microwell varies from experiment to experiment. In order to address the reproducibility of this detection method, three independent experiments were carried out using the same blood sample. After normalizing the concentration of secreted IFN-γ with captured cell number, standard deviation from each time point was obtained from monitoring the same blood sample in three different experiments. Results are shown in Figure S7 , Supporting Information.
Another parameter to consider is sensor response time. Starting from infusion of RBC-lysed blood into the microfluidic devices a total of ∼15 min is needed to detect secretion of IFN-γ from as few as 90 cells. Besides introduction of cells only one additional step was needed to inject mitogens to commence cytokine production. This makes our approach a lot faster and simpler than the standard Ab-based immunological methods that typically utilize 100 000À1 000 000 cells, call for 6À12 h of activation, and take an additional 2À4 h to complete due to multiple washing and staining steps involved.
Diffusion modeling results also suggest that in the present configuration of the array an electrode begins sensing significant amounts of cytokines (>10% of detected analyte) produced at the neighboring electrode after ∼4 h of stimulation. Signals detected at shorter times should be attributed to cells captured right next to the sensing electrode.
Determination of IFN-γ Production Rates. In addition to affording rapid detection, dynamic measurements of local IFN-γ concentration also allow us to estimate the rate of IFN-γ production in the system by considering the transport of the analyte within the microfluidic device. Because the measurements are conducted inside microchambers and the fluid is unstirred, transport of IFN-γ from the cells to the sensing electrode is purely diffusion mediated. Taking into consideration the positions of the captured cells and the electrodes, we are able to model this diffusion using a numerical approach (COMSOL Multiphysics). Our model reproduces the observed average time-dependent concentration profiles ( Figure S5 , Supporting Information) with excellent fidelity. Time-dependent concentration data from 3 experiments were averaged together to account for sample-tosample variations in electrode positioning and cell behavior. The average IFN-γ production rate measured in our microdevices is estimated to be 0.0079 pg cell À1 h
À1
, whereas rates reported by other groups using ELISA methods varied from 0. 00013 to 0.0043 pg cell À1 h À1 . 44À46 The slight discrepancy in results may be attributed to differences in how measurements are done. Our experiments reveal that the rate of IFN-γ production is not constant and decreases as a function of time. We are reporting a higher production rate occurring at early time points (t e 1 h), whereas the standard ELISA approaches average production over 12À24 h. This may explain the higher rate of IFN-γ production reported in the present study.
Verification of Sensor Performance in Cellular Environment. While aptamers are generally considered to be chemically stable, they are susceptible to digestion with nucleases. 47À49 In order to eliminate the possibility that nucleases released from cells contribute to the sensor response we examined the performance of aptasensors after use with activated leukocytes. Aptasensors were employed for detection of cytokine release from mitogenically activated cells as described above. Subsequently, cells were removed and aptasensors were regenerated by brief exposure to 7 M urea buffer. These "used" aptasensors (aptasensors have been used for detecting IFN-γ from live leukocytes) were then challenged with varying concentrations of recombinant IFN-γ and compared to pristine aptasensors that did not interact with cells and therefore could not have been exposed to endogenous nucleases. We observe no significant difference between IFN-γ responses of pristine vs used biosensors (see Figure S6 , Supporting Information), suggesting that endogenous nucleases do not interfere with sensor responses. Our results also point to the possibility of reusing sensing devices.
' CONCLUSIONS Development of biosensors capable of rapid and simple detection of cell-secreted cytokines has significant implications in blood diagnostics. Herein, we describe a novel microdevice employing microfluidics, aptasensors, and surface micropatterning to capture CD4 T cells from a heterogeneous cell sample and to detect local IFN-γ release in real time. Micropatterning of sensing surfaces is used to ensure capture of the desired cell type and cell number in the immediate vicinity of aptamer-modified sensing electrodes. Sensitivity of the aptasensor and close proximity of cells to sensing electrodes allows detection of IFN-γ production from as few as 90 T cells after 15 min of mitogenic activation. Furthermore, use of aptasensing electrode arrays enables simultaneous monitoring of cytokine production from several groups of cells. Given the importance of detecting leukocyte-secreted IFN-γ in a number of infectious diseases including TB and HIV, the availability of a microdevice for rapid, simple, and robust measurements of this cytokine has significant implications in immunology research and diagnostics. In addition, the dynamic cytokine production data recorded by this aptasensor may, in the future, provide a new basis for leukocyte phenotyping and disease diagnosis. Work is currently underway to develop aptasensors simultaneous detection of multiple cytokines and for single cell analysis.
' ASSOCIATED CONTENT b S Supporting Information. Protection of electrode arrays during Ab deposition; localization of Abs on micropatterned sensing surfaces; immunofluorescent staining of captured leukocytes; specificity of aptasensor electrodes; transport considerations and determination of IFN-γ production rates; stability of aptasensors; reproducibility of aptasensors. This material is available free of charge via the Internet at http://pubs.acs.org.
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